The rules of the genetic code are established by aminoacyl-tRNA synthetases (aaRSs) enzymes, which covalently link tRNA with the cognate amino acid. Many aaRSs are involved in diverse cellular processes beyond translation, acting alone, or in complex with other proteins. However, studies of aaRS noncanonical assembly and functions in plants are scarce, as are structural studies of plant aaRSs. Here, we have solved the crystal structure of Arabidopsis thaliana cytosolic seryl-tRNA synthetase (SerRS), which is the first crystallographic structure of a plant aaRS. Arabidopsis SerRS displays structural features typical of canonical SerRSs, except for a unique intrasubunit disulfide bridge. In a yeast two-hybrid screen, we identified BEN1, a protein involved in the metabolism of plant brassinosteroid hormones, as a protein interactor of Arabidopsis SerRS. The SerRS:BEN1 complex is one of the first protein complexes of plant aaRSs discovered so far, and is a rare example of an aaRS interacting with an enzyme involved in primary or secondary metabolism. To pinpoint regions responsible for this interaction, we created truncated variants of SerRS and BEN1, and identified that the interaction interface involves the SerRS globular catalytic domain and the N-terminal extension of BEN1 protein. BEN1 does not have a strong impact on SerRS aminoacylation activity, indicating that the primary function of the complex is not the modification of SerRS canonical activity. Perhaps SerRS performs as yet unknown noncanonical functions mediated by BEN1. These findings indicate that -via SerRS and BEN1 -a link exists between the protein translation and steroid metabolic pathways of the plant cell.
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Introduction
Aminoacyl-tRNA synthetases (aaRSs) are essential cellular enzymes that link a specific amino acid to the cognate tRNA and act as translators of the genetic code [1] [2] [3] . As a class of housekeeping enzymes participating in translation, aaRSs are now known to be involved also in other essential cellular processes, such as transcription, splicing, signal transduction, inflammation, angiogenesis, and apoptosis [4] [5] [6] [7] . Due to this diversity of functions, it is proposed that aaRSs serve as a family of hub proteins that has a wide impact on cellular mechanisms beyond translation [8] . Very often, noncanonical functions of aaRSs derive from interactions of aaRSs with protein partners [9] [10] [11] [12] .
In general, plant aminoacyl-tRNA synthetases are less studied than aaRSs from other kingdoms of life. Thus far, there is no report on crystal structure of any plant aaRS, while the information available on the noncanonical functions and assemblies of plant aaRSs is scanty. There are only three studies of alternative functions of plant aaRSs outside translation. Detection of pathogen-associated molecular patterns during the early stages of pathogen infection in Arabidopsis boosts expression of aspartyl-tRNA synthetase which activates defense mechanisms against pathogen attack [13] . Treatment of wheat with mycotoxin deoxynivalenol activates the expression of wheat methionyltRNA synthetase which participates in plant defense and detoxification conferring resistance to mycotoxins and mycotoxin-producing fungal pathogens [14] . Rice glutamyl-tRNA synthetase (GluRS) modulates male organ development by affecting metabolic homeostasis and redox status [15] . However, exact molecular mechanisms of noncanonical action of these plant aaRSs are not yet deciphered. Protein interactors of plant aaRSs have not been thoroughly investigated. There is only one report on plant aaRS protein complex. Protein OsARC interacts with rice GluRS enhancing its aminoacylation activity [15] .
Canonical function of seryl-tRNA synthetase (SerRS) in translation is aminoacylation of tRNA Ser with serine [16] . In majority of organisms, but not in plants [17] , SerRS attaches serine to the selenocysteinespecific tRNA (tRNA Sec ) which initiates metabolic pathway that enables translational incorporation of selenocysteine into selenoproteins [18, 19] . SerRS functions as a dimer in aminoacylation and the dimerization interface is mediated through the globular catalytic domain (CD), which contains seven-stranded antiparallel b-sheet and three conserved sequence motifs: motif 1 forms the dimer interface, whereas motifs 2 and 3 contain active site residues important for aminoacylation [20, 21] . The N-terminal tRNA-binding domain (TBD) of SerRS is used for recognizing the long variable arm of tRNA Ser and tRNA Sec [22] [23] [24] . Canonical type of SerRS found in bacteria, eukaryotes, and most archaea possesses TBD containing two long (~60 A) a-helices forming an antiparallel coiled coil [25, 26] , while in SerRS from methanogenic archea TBD is composed of six stranded b-sheet capped by three short a-helices [27] [28] [29] . Until now the crystal structure of human SerRS [30] [31] [32] and SerRS of lower eukaryote Candida albicans [33] , as well as SerRSs of several prokaryotic systems [20, 21, 25, 27, [34] [35] [36] , have been studied by X-ray crystallography, while no crystallographic structure of any plant SerRS is known to date.
Seryl-tRNA synthetases from various organisms interact with diverse proteins enabling SerRS proteins to enhance their role in translation of the genetic message or to perform alternative functions in cellular processes not directly linked to translation [16] . Interaction of yeast SerRS with peroxisomal protein Pex21p enhances cognate tRNA binding and moderately stimulates the aminoacylation efficiency of SerRS [37, 38] . SerRS and arginyl-tRNA synthetase (ArgRS) from methanogenic archaea Methanothermobacter thermautotrophicus form a complex that enhances the SerRS aminoacylation activity under extreme conditions [39] and suppresses aminoacylation of na€ ıve, unmodified tRNA Arg by ArgRS, likely improving translational accuracy [40] . In addition, the SerRS:ArgRS complex interacts with ribosomal proteins in the L7/L12 stalk region of the ribosome, suggesting a mechanism of tRNA recycling [41] . Human SerRS exerts essential noncanonical function in vascular development by regulating expression of vascular endothelial growth factor VEGFA through several mechanisms: by binding to the proximal promotor region [42] , by forming repressor complex with transcriptional factor YY1 [43] , and by recruiting the SIRT2 histone deacetylase that epigenetically silences VEGFA expression [42] .
Our comprehensive and detailed research of plant SerRSs in terms of their localization, substrate recognition, and fidelity revealed new interesting insights into function of plant aaRSs [16, [44] [45] [46] . The organellar SerRS dually targeted to both mitochondria and plastids [47] emerged as a new important player in the plant organellar protein quality control [48] . Thus far, maize cytosolic SerRS is the only SerRS with broad tRNA Ser specificity and flexibility demonstrated both in vivo and in vitro, considering that it can efficiently aminoacylate structurally different bacterial and eukaryotic cytosolic tRNAs Ser in vitro (in the aminoacylation assay) and in vivo (in the complementation assay) [48] .
To gain more insight on plant SerRSs, in this work, we determined the crystal structure of cytosolic SerRS from model plant Arabidopsis thaliana at the resolution of 2.3
A. This is the first crystallographic structure of a plant aminoacyl-tRNA synthetase. Arabidopsis SerRS belongs to canonical SerRSs with the globular catalytic domain and the N-terminal helical coiled-coil tRNA-binding domain. Specific structural feature of Arabidopsis SerRS is a unique disulfide bond between two cysteines (Cys213 and Cys244) in the catalytic domain of the same monomer. Interestingly, these cysteines are conserved in all SerRSs from green plants, indicating their plant-specific functional importance. Using the high-throughput interactome technology yeast two-hybrid [49] , we identified BEN1, a protein involved in the metabolism of brassinosteroid hormones, as the protein interactor of Arabidopsis cytosolic SerRS. Domain mapping and deletion mutagenesis, as well as biophysical analysis, demonstrated that interaction depends on the SerRS globular catalytic domain and the N-terminal extension of BEN1 protein. The partnership between SerRS and BEN1 indicates a link between protein translation and steroid metabolic pathways of the plant cell.
Results

Crystal structure of Arabidopsis thaliana SerRS
In order to gain structural insight into plant SerRSs, we have determined the crystal structure of cytosolic SerRS from the model plant A. thaliana (GenBank ID: 832806). The protein crystallized in the I2 space group with one monomer per asymmetric unit corresponding to a V M of 2.30 A 3 Da À1 and an approximate solvent content of 46.5%. SerRSs from A. thaliana and from C. albicans display 55% of the sequence identity, so C. albicans SerRS [33] (PDB ID: 3QNE) was an adequate search model for molecular replacement. Statistics of data collection, processing, and refinement are given in Table 1 . The SerRS monomer is composed of two domains, the coiled-coil tRNA-binding domain and the aminoacylation catalytic core (Fig. 1A) , both well conserved among canonical SerRSs. The tRNAbinding domain (TBD) consists of three a-helices with two of them (a2 and a3) forming a coiled-coil region important in the recognition of the cognate tRNA Ser . The a-b catalytic domain (CD) contains 15 b-strands and 8 a-helices. Among them, seven antiparallel b-strands (b1, b8-b13) form a conserved b-sheet surrounded with helices (a4-a11) and short b-strands (b2-b7 and b14-b15). a6-b5, b8-b9, and a11-b14 are typical structural elements of motifs 1, 2, and 3 ( Figs 1A, 2) , respectively, found in class II aminoacyltRNA synthetases. The SerRS monomer superimposes well with the monomer of its homologue from C. albicans, especially the catalytic core, with the coiled-coil region of the TBD being slightly shifted (Fig. 1B) . Overlay of human SerRS (PDB ID: 3VBB) on Arabidopsis SerRS shows significantly different spatial orientations of the tRNA-binding domains (Fig. 1B) , due to the special open conformation specific to human SerRS without bound ligand [30, 31] . Since the CD domain superposes quite well in these three SerRS homologues (Fig. 1B) , the structure of the Arabidopsis SerRS active site pocket involved in the binding of seryl-adenylate is conserved and involves residues Pro258-Ile296, Val390-Met427, and Glu358-Ser361 of the serine-binding TXE motif, motif 2, motif 3, and b12 strand, respectively (Fig. 3) . Very flexible parts of the monomer lacking electron density (Glu10-Gly12, Lys67-Ala73, Ala214-Asp220, Ser274-Thr279, Gly378-Glu384, and Ala437-Ala451), Figs 1A and 2, correspond to loops or disordered regions found also in other SerRS crystal structures [30, 33] . The quaternary structure of Arabidopsis SerRS (PDB ID: 6GIR) inside the crystal is a dimer mediated through the aminoacylation domain and generated by the twofold symmetry axis (Fig. 1C) . SerRS forms a dimer also in the solution as previously observed by size exclusion chromatography [50] . Our analysis of the interfaces by software PISA [51] shows that the calculated surface area buried after dimer formation corresponds to 4740 A 2 , about 13.5% of the total surface. The largest interface area found in the crystal structure occupies 2369 A 2 and includes 22 hydrogen bonds and eight salt bridges (listed in Table 2 ).
Interestingly, a unique disulfide bond between Cys213 and Cys244 of the same monomer is present in the crystal structure, even though the protein sample used in the crystallization was treated with DTT. The distance between two sulfur atoms of each cysteine is 2.09
A which is in accordance with an intramolecular disulfide bond (inset in Fig. 1C ). This disulfide bond has a positive left-handed spiral (+LHSpiral) geometry (v 1 , v 2 , v 3 , v 2 0 , and v 1 0 angles are +, À, À, À, and +, respectively; distance Ca213-Ca'244 = 6.38
A, average dihedral strain energy = 19 kJÁmol À1 ), according to the classification of disulfide bond geometry [52] . Cys213 and Cys244 that form the S-S bond are located in the aminoacylation domain and belong to the partially disordered loop region and a8-helix, respectively. Cys213 proceeds with a disordered loop region of Ala214-Asp220 which is neighboring the disordered loop region of Lys67-Ala73 [30] ) are observed (Fig. 3A) . Moreover, in this region which is 10 A away from the position of serine in the binding site of seryl-adenylate (Fig. 3B) , cysteines can only be found in the plant SerRS homologues (Fig. 3C) , indicating their plant-specific functional importance.
BEN1 protein is an interactor of Arabidopsis cytosolic SerRS
Considering that SerRSs from various evolutionary distant organisms participate in protein-protein interactions, we have undertaken the search for protein interactors of plant SerRS using A. thaliana yeast two-hybrid cDNA library and Arabidopsis cytosolic SerRS as a bait. Among clones isolated from this screening, four of them corresponded to BEN1 gene (GenBank ID: 819146). Sequence analysis revealed that three clones (BEN1_1, BEN1_2, BEN1_3) out of these four cDNA clones contained the coding sequence for the first 129 amino acids of BEN1 protein, while one of them (BEN1_4) contained the coding sequence for the first 127 amino acids of the same protein.
The interaction between SerRS and BEN1 was verified by two-hybrid assays using serial dilutions of yeast on nonselective and selective media (Fig. 4A ). Literature search revealed that BEN1 is a cytosolic protein involved in the metabolism of plant brassinosteroid hormones, probably acting as a steroid reductase [53] . Our BLASTP analysis showed that BEN1 protein is conserved only in plants from the Brassicaceae family (data not shown).
In order to confirm the SerRS:BEN1 interaction we have cloned complete BEN1 ORF using RT-PCR, and expressed and purified the full-length BEN1 protein (data not shown). Association of SerRS and BEN1 was investigated in vitro using surface plasmon resonance (SPR). His-tagged SerRS was purified and immobilized on a CM5 sensor chip by amine coupling, while BEN1 was used as analyte. Stable complex formation between SerRS and BEN1 was observed (Fig. 4B ). The determined calculated K d for the SerRS: BEN1 interaction was 1.03 (AE 0.16) lM.
To further corroborate the interaction we used another biophysical method, microscale thermophoresis (MST) [55] . Here, we used purified SerRS without the His-tag to exclude potential influence of the tag on the SerRS:BEN1 binding. Thermophoretic mobility of fluorescently labeled BEN1 in the presence of increasing concentrations of SerRS was monitored and association of the two proteins was observed (Fig. 5B) . The K d value of the interaction was 0.44 (AE 0.14) lM, which was similar to the K d value obtained from the SPR experiments. The equilibrium dissociation constants for the SerRS:BEN1 complex determined by SPR and MST indicate moderately strong proteinprotein interaction, according to Ozbabacan et al. [56] . No binding was observed between BEN1 and BSA (data not shown), demonstrating that the binding of BEN1 to SerRS was specific.
Expression of BEN1 gene in transgenic plants overexpressing SerRS
Considering that several aaRSs, including vertebrate SerRSs, were shown to participate in regulation of gene expression [42, 43, 57] , we were interested to find out whether plant SerRS can influence transcription of the BEN1 gene. We have previously prepared transgenic plants expressing SerRS fusion constructs GFPSerRS or SerRS-TAP under the control of the constitutive CaMV 35S promoter [50] . Using RT-qPCR, here we determined the level of SerRS transgene overexpression in comparison with endogenous SerRS gene expression. Although the overexpression of GFPSerRS construct was significantly higher than the overexpression of SerRS-TAP construct (Fig. 6A) , in both types of SerRS overexpressor transgenic lines expression of the BEN1 gene was similar to the wild-type plants, indicating that SerRS does not play a role in the regulation of BEN1 expression (Fig. 6B ).
SerRS catalytic domain and BEN1 N-terminal extension shape interaction interface
To pinpoint the interaction domains responsible for shaping the interaction interface of the SerRS:BEN1 complex, further MST measurements were conducted using truncated variants of SerRS and BEN1 proteins (Fig. 5) . We performed SerRS domain mapping to identify the domain involved in SerRS:BEN1 interaction. SerRS crystal structure revealed that Arabidopsis SerRS, as other aaRSs, is a modular enzyme and contains the catalytic domain (CD) catalyzing amino acid activation and transfer to tRNA, and the tRNAbinding domain (TBD) needed for recognition of cognate tRNA. In addition, eukaryotic cytosolic SerRSs have idiosyncratic C-terminal extensions rich in basic amino acids [58] . The proximal (mostly hydrophobic) region of the extension is indispensable for protein stability, while the remaining part, comprising hydrophilic and basic amino acids, remains available for speciesspecific functions, including interaction with other macromolecules [38, 42] . Most part of the basic C- Fig. 2 . Structure-based sequence comparison. Sequence alignment of SerRS from Arabidopsis thaliana (AtSerRS), Zea mays (ZmSerRS), Chlamydomonas reinhardtii (CrSerRS), Homo sapiens (HsSerRS), Danio rerio (DrSerRS), Caenorhabditis elegans (CeSerRS), Candida albicans (CaSerRS), Saccharomyces cerevisiae (ScSerRS), Pyrococcus horikoshii (PhSerRS), and Thermus thermophilus (TtSerRS). Alignment was obtained using Clustal Omega [83] and then was manually adjusted according to the structural data. The alignment figure was generated using ESPript 3.0 [84] . The numbering system is based on the Arabidopsis SerRS sequence. Residues conserved in all given sequences are labeled in white and highlighted in red, while similar residues are labeled in red. The signature motifs 1, 2, and 3 are in colored boxes (sea green, lilac, and pink, respectively). Cysteines C213 and C244 involved in the disulfide bond are labeled as green triangles. Amino acid residues which are not visible in the electron density map (Glu10-Gly12, Lys67-Ala73, Ala214-Asp220, Ser274-Thr279, Gly378-Glu384, and Ala437-Ala451) are underlined in blue.
terminal extension (Ala437-Ala451), is not visible in the Arabidopsis SerRS crystal structure (Fig. 2) , indicating its flexibility, as is the case in crystal structures of other eukaryotic SerRSs [30, 33] . In order to determine a possible role of lysine rich Arabidopsis SerRS C-terminal extension (PFKAKPVVADTKGKKSKA) in BEN1 binding, we have deleted its distal part containing hydrophilic and basic amino acids and obtained protein variants SerRSDC9 and SerRSDC9-His (Fig. 5A) . Aminoacylation assays confirmed enzyme activity of SerRSΔ9C and SerRSΔ9C-His (data not shown). Furthermore, we have prepared a SerRS variant containing the catalytic domain fused to GST (GST-SerRSCD) and SerRS variants containing the tRNA-binding domain fused to GST or His-tag (GSTSerRSTBD or SerRSTBD-His) (Fig. 5A ). CD spectra of truncated SerRS variants showed that proteins are structured, with higher alpha-helical content in variants containing tRNA-binding domain, as is expected from the crystal structure (data not shown).
In the MST assay, BEN1 displayed an interaction with SerRSΔC9-His variant ( (Fig. 5G) and GST-SerRSTBD (data not shown) did not bind BEN1, regardless of the type of the tag (GST or His) or its position in the fusion protein (N-or C-terminal). In the control experiment, thermophoretic mobility of BEN1 did not change in the presence of GST (Fig. 5F ), indicating that GST-tag had no influence on the results of the experiments where associations of GST-containing variants (GST-SerRSCD and GST-SerRSTBD) with BEN1 were tested. Altogether, SerRS domain mapping analysis showed that the catalytic domain of SerRS is responsible for the interaction with BEN1.
In order to determine the interaction domain in BEN1, we have analyzed its amino acid sequence. Pfam [59] , InterPro [60] , CDD [61] (NCBI) database searches revealed that BEN1, a 364-aa protein, has features that place it in the epimerase/dehydratase family (amino acids 40-293) and the extended shortchain dehydrogenase/reductase (SDR) superfamily (amino acids 40-341). Protein members of these two families contain a NAD(P) + -binding domain [62] . Indeed, our MST data showed that BEN1 binds the NADP + cofactor (data not shown). Prediction of secondary structure by PredictProtein [63] suggests that the N-terminal part of the BEN1 protein (amino acids 1-31) is disordered (data not shown). In addition, amino acids in the positions 2-17 are predicted to be exposed to the solvent and not buried within the protein. Inspection of this region (VREEQEEDDNN NNNNG) shows that it contains six acidic residues followed by six consecutive asparagines. Therefore, we prepared a truncated BEN1 variant ΔN17BEN1 with deletion of this region (Fig. 5A ). This BEN1 variant also binds NADP + indicating that its core protein structure is preserved (data not shown). In thermophoresis assay, removal of the first 17 aa from BEN1 completely abolished the interaction of ΔN17BEN1 with SerRS indicating that N-terminal extension of BEN1 protein is essential for SerRS binding (Fig. 5H) . The results are in accordance with our Y2H results that identified clones corresponding to the N-terminal part of the BEN1 protein as preys for the SerRS bait. Collectively, our analysis revealed that the catalytic core of SerRS and the N-terminal extension of BEN1 protein are the main interaction domains of the SerRS:BEN1 complex. 
Aminoacylation activity of SerRS in the presence of BEN1
Domain mapping showed that the SerRS aminoacylation domain and the acidic N-terminal extension of BEN1 form the interaction interface. Considering that SerRS substrates, ATP and tRNA Ser , contain negatively charged phosphate groups and that BEN1 N-terminal extension contains consecutive negatively charged amino acids we hypothesized that bound BEN1 might compete with binding of ATP or tRNA Ser to the catalytic domain and interfere with the aminoacylation activity of SerRS. Therefore, we assessed the effect of BEN1 protein on the in vitro aminoacylation activity of SerRS-His (Fig. 7) . In the presence of BEN1 in 1 : 1 molar ratio, the apparent affinity of SerRS-His in terms of K M for tRNA Ser was threefold lower than in the aminoacylation reaction when BEN1 was absent. The catalytic rate constant k cat was fourfold lower in the presence of BEN1. However, aminoacylation catalytic efficiencies (k cat /K M ) were similar in the presence or absence of BEN1. Increasing the concentration of BEN1 to a 1 : 5 ratio (SerRS-His:BEN1) did not significantly change the kinetic parameters compared to the reaction with an equimolar ratio of BEN1 and SerRS. Overall, BEN1 has a very modest influence on SerRS-His aminoacylation by slightly decreasing both K M and k cat , while aminoacylation efficiency is not significantly perturbed.
Discussion
Novel structural element in Arabidopsis thaliana SerRS
Here, we report the first crystal structure of a plant SerRS, which is also the first crystal structure of plant aminoacyl-tRNA synthetase. Arabidopsis cytosolic SerRS belongs to the canonical type of SerRS enzyme and displays characteristic structural features such as the globular catalytic domain and the tRNA-binding domain with two long a-helices forming a coiled coil (Fig. 1A) . Specific feature of the Arabidopsis SerRS structure is a unique disulfide bond between Cys213 and Cys244 in the aminoacylation domain of the same monomer (Fig. 1C) . Although it is possible that the observed disulfide bond in Arabidopsis SerRS was formed during crystallization, we found this notion less likely as both cysteines are invariably conserved in all available SerRS sequences from green plant lineage (Viridiplantae), including unicellular green algae (Fig. 3C) . Moreover, these cysteines are located in the proximity of the seryl-adenylate binding site (Fig. 3B) . These findings suggest that this plant-specific disulfide bond could have functional significance, possibly playing a role in the structural stabilization of the catalytic core or in the allosteric regulation of SerRS activity. In general, cytosolic proteins do not contain disulfide bonds due to high reducing power of the cytosol. However, studies reveal a number of cytosolic proteins that use specific and reversible disulfide bond formation as a regulatory redox switch under conditions of oxidative stress [64, 65] . Indeed, in the crystal structure of human SerRS complexed with two molecules of tRNA Sec (PDB ID: 4RQE), one intrasubunit disulfide bond was reported that diminishes TBD flexibility and consequently aminoacylation activity, and its relevance was proposed during oxidative stress [32] . Similarly, yeast mitochondrial phenylalanyl-tRNA synthetase exhibits impaired enzymatic activity due to formation of a reversible intramolecular disulfide bridge under oxidative stress that negatively impacts tRNA Phe binding [66] . We thus speculate that the discovered disulfide bond (Cys213-Cys244) is a unique property of plant SerRSs. However, whether it acts as a structural or allosteric disulfide [52] , remains to be determined.
Possible implications of SerRS:BEN1 interaction
Using yeast two-hybrid screen, we have identified BEN1 as a protein interactor of Arabidopsis cytosolic SerRS (Fig. 4) . We have confirmed the SerRS:BEN1 interaction using two biophysical methods SPR and MST and showed that the association is specific (Figs 4B and 5) . The equilibrium dissociation constants for SerRS:BEN1 complex determined by SPR and MST were similar and fell within low micromolar or high nanomolar range, respectively. Findings that both proteins are cytosolic and that the affinity of their interaction corresponds to stable and moderately strong protein-protein interaction [56] offer support to the physiological relevance of the SerRS:BEN1 interaction. It appears that SerRS:BEN1 complex is specific for Brassicaceae family, because BEN1 homologues are found only in these plants.
Domain mapping showed that the interaction interface of the SerRS:BEN1 complex involves the SerRS globular catalytic domain and the N-terminal extension of BEN1. Although the Arabidopsis SerRS catalytic domain is involved in the interaction with BEN1, aminoacylation assays showed that BEN1 does not have a strong impact on the SerRS enzymatic activity (Fig. 7) , indicating that most probably the primary function of the SerRS:BEN1 complex is not modification (either enhancement or inhibition) of the canonical activity of SerRS. In addition, this could also mean that if BEN1 does not assist SerRS in its translational canonical function, perhaps SerRS performs so far unknown noncanonical function mediated by BEN1.
Protein BEN1 is proposed to function as a steroid reductase that catalyzes the conversion of brassinosteroids to biologically inactive molecules [53] . Brassinosteroids are steroidal plant hormones, structurally similar to animal steroid hormones, that play pivotal role in the regulation of a variety of physiological processes in plants, including responses to diverse environmental stresses [67] [68] [69] . Considering that SerRS was significantly up-regulated during early responses of Arabidopsis cells to cadmium exposure [70] and that brassinosteroid hormones regulate plant stress response, the novel SerRS:BEN1 interaction may be of particular relevance in the plant response mechanisms to altered environmental conditions, such as exposure to stressors.
Partnership between SerRS and BEN1 is one of the rare examples of the interaction of aaRSs with proteins involved in primary or secondary metabolism. In Methanocaldococcus jannaschii, several aaRSs form complexes with proteins involved in hydrogenotrophic methanogenesis [71, 72] , while membrane-anchored valyl-tRNA synthetase from cyanobacteria was shown to interact with the FoF1 ATP synthase complex in the thylakoid membranes [73] . In addition, it is interesting to note that SerRSs from evolutionary distant organisms interact with proteins that use important metabolic cofactors NAD + or NADP + . Arabidopsis SerRS binds BEN1, protein with NADP + -binding domain, while human SerRS interacts with sirtuin SIRT2, NAD + -dependent protein/histone deacetylase [42] . These associations may connect vertebrate and Arabidopsis SerRS to the cellular energetic status, considering that proteins that bind NAD + or NADP + cofactors are usually sensors of cellular NAD(P) + / NAD(P)H ratios [74, 75] .
Because the enzymatic activity of BEN1 is still unknown, the biological role of the SerRS:BEN1 association remains unsolved. Clearly, further experiments are necessary to address this question. Nevertheless, our results clearly show that SerRS forms a stable complex with BEN1 protein implying that plant aaRSs, similar to aaRSs from other organisms, can form protein complexes which may direct them toward noncanonical functions. The novel SerRS:BEN1 complex is one of the first protein complexes of plant aaRSs discovered so far and its further research will help us understand the scope of plant aaRSs macromolecular complexes and their role in plant cell.
Materials and methods
Yeast two-hybrid assay
Novel SerRS protein-protein interactions were screened using yeast two-hybrid assay (Y2H). Coding sequence for cytosolic seryl-tRNA synthetase from A. thaliana (GenBank ID: 832806) was cloned into pGBKT7 vector (Clontech -Takara Bio, Kusatsu, Japan) between NcoI and BamHI restriction sites using primers SRSATN (5 0 GAGA-
0 ). Recombinant plasmid was then used for transformation of Saccharomyces cerevisiae strain Y187 cells. Y2H cDNA library from Arabidopsis seedlings was previously prepared in pGADT7 vector and transformed into S. cerevisiae strain AH109 cells (generous gift of Prof. Dr. Wolfgang Werr and Dr. Pascal Reisewitz, University of Cologne, Germany). Mating of haploid S. cerevisiae cells containing different plasmid constructs was performed following the procedure described in Matchmaker TM Pretransformed Libraries User manuaI (Clontech -Takara Bio). Mated diploid yeast cells were inoculated on low-stringency SD/-Trp-Leu plates and incubated on 30°C. After yeast colonies became visible, only colonies wider than 1 mm in diameter were transferred onto medium-stringency plates SD/-Trp-Leu-His and incubated further on 30°C. Finally, yeast colonies that showed growth on these plates were transferred to high-stringency SD/-Trp-Leu-His-Ade plates. Negative controls were yeast colonies containing empty pGADT7 and empty pGBKT7, or empty pGADT7 and pGBKT7_SerRS. Positive controls were yeast colonies expressing FNR and ITEP that were previously shown to interact [54] . Potential SerRS protein interactors were determined by sequencing plasmid DNA isolated from yeast colonies collected from high-stringency plates. All potential SerRS interactors were further checked to exclude false positives following procedure described in the manual.
Protein expression and purification
For crystallization trials a SerRS variant with His-tag on the C terminus (SerRS-His) was prepared. To biophysically confirm the SerRS:BEN1 complex and to determine the dissociation constant (K d ), we additionally prepared SerRS without tag and BEN1 protein (GenBank ID: 819146) with His-tag on the N terminus (His-BEN1). To prepare SerRS and SerRS-His, coding sequence for SerRS was cloned into pET28b vector (Novagen -Merck, Darmstadt, Germany) between NcoI and BamHI restriction sites using primers SRSATN and SRSATC and between NcoI and NotI restriction sites using primers SRSATN and ATCEAGC (5 . All proteins were overexpressed at 15°C using 0.5 mM IPTG for overnight induction. Histagged protein variants were purified using Ni-nitrilotriacetic acid affinity chromatography, essentially as described in Kekez et al. [50] , while GST-tagged protein variants were purified using GST-affinity chromatography. MonoQ ionexchange chromatography was used for purification of SerRS and SerRSΔ9C. Additional protein purification was obtained using gel-filtration when necessary, as described in Kekez et al. [50] . Purified proteins were stored at À80°C in 25 mM Tris-HCl (pH 7.5), 50 mM NaCl, 5% glycerol and 1 mM DTT. His-tag was efficiently removed from His-BEN1 and His-ΔN17BEN1 using TeV protease prior to biophysical assays. Enzyme activity of SerRS-His, SerRSΔC9, and SerRSΔC9-His was tested in aminoacylation assays [50] . The CD spectra of GST-SerRSCD, HisSerRSTBD and GST-SerRSTBD were recorded in buffer 10 mM KH 2 PO 4 /KOH pH 7.5, in cuvettes with a 0.1-mm optical path, using Jasco J-815 CD Spectrometer. Ellipticity signal (h in mdeg) was recorded and normalized for the mean residue weight and concentration of the protein variant to obtain the mean residue ellipticity. Secondary structure content was estimated using software DICHROWEB [76] .
Crystallization and data collection [77] using the structure of SerRS from Candida albicans [33] as the search model (PDB ID: 3QNE). The resulting model was alternately refined with REFMAC5 [78] implemented in CCP4i and then checked and manually adjusted with Coot [79] . MolProbity [80] was used for evaluation of the refinement quality. The SerRS structure is deposited in PDB as 6GIR (PDB ID). Figures of the protein structure were prepared with CCP4 mg [81] . The obtained crystal structure of SerRS was used in the study of protein interactions of SerRS. Thus, the truncated versions of SerRS were designed according to the solved crystal structure.
Surface plasmon resonance
To determine K d of SerRS:BEN1 complex, we immobilized His-SerRS on carboxymethyl dextran-coated gold surface (Series S Sensor Chip CM5). Carboxymethyl groups were first activated with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride and N-hydroxysuccinimide followed by addition of SerRS-His whose free amino groups coupled with the carboxymethylated matrix of the chip. Uncoupled active carboxymethyl groups on the chip were blocked with ethanolamine, while any noncovalently attached SerRS was removed using short pulse of 50 mM NaOH. BEN1 was serially diluted in assay buffer (50 mM HEPES, pH 7.4 at 25°C, 140 mM NaCl, 5 mM MgCl 2 , 0.05% (w/v) P20 surfactant) to achieve a range of concentrations 10 times below and above the presumed K d value. To test the reproducibility of the titration, every concentration of the analyte was injected two times and all titrations were conducted at 25°C on Biacore T100 (GE Healthcare, Uppsala, Sweden) at the flow rate of 10 lLÁmin À1 .
Chip surface regeneration was performed using 5-10 mM NaOH solution. The SPR signals of the flow cell containing SerRS-His and the reference cell were subtracted and plotted against the corresponding analyte concentration. K d was determined from the steady state affinity model using BIACORE T100 software. We performed two independent titrations. 
Microscale thermophoresis
Plant material and growth conditions
Experiments were performed on wild-type plants of A. thaliana (ecotype Columbia) and two transgenic lines GFP-SerRS and SerRS-TAP [50] . Transgenic lines GFPSerRS and SerRS-TAP were obtained using different binary vectors (pB7WGF2.0-SerRS and pGWB529-SerRS), which contain slightly different CaMV 35S promoter region [82] (https://gateway.psb.ugent.be/search). Due to the differences in the CaMV 35S promoter region, transgenic GFP-SerRS constructs contained additional nucleotide sequences that enabled higher expression from the constitutive CaMV 35S promoter in comparison to the SerRS-TAP construct. Wild-type seeds of A. thaliana and two transgenic lines were surface sterilized for 1 min in 70% (v/v) ethanol, then 10 min in 1% (w/v) Izosan G (Pliva, Zagreb, Croatia) and rinsed five times with distilled water. Seeds were planted on half-strength Murashige and Skoog (MS5519, Merck), 2% (w/v) sucrose and 0.8% (w/v) agar medium. After 3 days of stratification, seedlings were grown for 8 days in a growth chamber under 16 h light/8 h dark condition at 24°C.
RNA isolation and RT-qPCR analysis
Total RNA was extracted from 8-day-old seedlings using the TRIzol Reagent (Invitrogen -Thermo Fischer Scientific), according to the procedure recommended by the manufacturer. The quality of RNA was checked on NanoDrop (ThermoFisher) and using agarose gel-electrophoresis. Genomic DNA was removed with TURBO DNA-free TM Kit (Invitrogen -Thermo Fischer Scientific) according to the manufacturer's protocol. cDNA was synthesized from 1 lg of total RNA using High Capacity cDNA Reverse Transcription Kit (Applied BiosystemsThermo Fischer Scientific) according to the instructions. The cDNA was diluted fivefold and a real-time quantitative PCR reaction was carried out using 7500 Fast Real-Time PCR System (Applied Biosystems -Thermo Fischer Scientific). The reaction consisted of 2 lL of diluted cDNA, 2 lL of forward primer (3 lM), 2 lL of reverse primer (3 lM), 4 lL of double-distilled H 2 O, and 10 lL of Power SYBR Green qPCR Master Mix (Applied BiosystemsThermo Fischer Scientific). The thermal cycler conditions were as follows: 10 min at 95°C, followed by 40 cycles at 95°C for 15 s and 60°C for 60 s. The following primer pairs were used: SerRS_3UTR_F (5 
Aminoacylation assay
All aminoacylation reactions were performed at 30°C with 340 lM radioactive serine [ 14 C] (40 Ci/mol) in buffer containing 60 mM Tris-HCl (pH = 7.5), 2 mM KCl, 15 mM MgCl 2 , 5 mM ATP, 6 lM bovine serum albumin. For testing aminoacylation activity of different SerRS variants (SerRS, SerRS-His, SerRSΔC9, and SerRSΔC9-His), total RNA from yeast Saccharomyces cerevisiae was used in a way that total concentration of tRNA Ser was 1 lM. Concentration of the enzyme variants was 5 nM. To determine whether the presence of BEN1 influences enzyme activity of SerRS-His, we conducted aminoacylation of SerRS-His alone and with addition of BEN1 in 1 : 1 and 1 : 5 molar ratio to determine kinetic parameters of SerRS-His (K M , k cat ). Concentration of SerRS-His was 5 nM, and tRNA Ser from yeast S. cerevisiae ranged from 0.0625 lM up to 2 lM.
